We report measurements demonstrating the concept of the free-electron laser (FEL) superradiant cascade. Radiation ( rad ¼ 200 nm) at the second harmonic of a short, intense seed laser pulse ( seed ¼ 400 nm) was generated by the cascaded FEL scheme at the transition between the modulator and radiator undulator sections. The superradiance of the ultrashort pulse is confirmed by detailed measurements of the resulting spectral structure, the intensity level of the produced harmonics, and the trend of the energy growth along the undulator. These results are compared to numerical particle simulations using the FEL code GENESIS 1.3 and show a satisfactory agreement. Fourth generation light sources open the way towards the exploration of molecular and atomic phenomena, yielding unprecedented benefits to a wide range of scientific disciplines [1] [2] [3] [4] [5] [6] . Free-electron lasers (FELs), operating in self-amplified spontaneous emission (SASE) mode, have demonstrated the capability of reaching the subnanometer wavelength range at the femtosecond time scale [7, 8] . The multielectron dynamics in atoms and molecules involved in chemical transformation processes evolves on a femtoto attosecond time domain. Thus, ultrashort pulses in the XUV spectral range are the potential tool to control and map the collective electronic and nuclei rearrangements. In a SASE FEL the generation of radiation is due to the passage of a relativistic electron beam through the periodic magnetic field of an undulator with maximum field amplitude B u and period u , inducing emission at a resonant
Fourth generation light sources open the way towards the exploration of molecular and atomic phenomena, yielding unprecedented benefits to a wide range of scientific disciplines [1] [2] [3] [4] [5] [6] . Free-electron lasers (FELs), operating in self-amplified spontaneous emission (SASE) mode, have demonstrated the capability of reaching the subnanometer wavelength range at the femtosecond time scale [7, 8] . The multielectron dynamics in atoms and molecules involved in chemical transformation processes evolves on a femtoto attosecond time domain. Thus, ultrashort pulses in the XUV spectral range are the potential tool to control and map the collective electronic and nuclei rearrangements. In a SASE FEL the generation of radiation is due to the passage of a relativistic electron beam through the periodic magnetic field of an undulator with maximum field amplitude B u and period u , inducing emission at a resonant wavelength rad ¼ u ð1 þ K 2 =2Þ=2 2 (linear undulator) and its higher order harmonics, where is the Lorentz factor of the electrons and K ¼ eB u u =ð2m e cÞ the deflection parameter of the undulator. At the onset of saturation, the electrons emit coherently [9] over a characteristic frequency bandwidth Á!=! $ , where is the Pierce parameter [10, 11] . Considering that typical values of the Pierce parameter range from 10 À3 to 10 À4 , the associated FWHM pulse length at the Fourier limit is ¼ 2 ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2 lnð2Þ p L c =c, where L c ¼ rad =4 is known as cooperation length and, at rad ¼ 1 nm, assumes values in the range c $ 0:6-6 fs. When the electron bunch is longer than L c , several independent processes of SASE amplification can occur, leading to a pulse structure far from the Fourier limit and composed of a number of independent spikes [12] . A selective amplification of only one of these spikes has been demonstrated by shaping the electron beam phase space, in order to enable the field growth only in a limited portion of the bunch [13, 14] . A single mode may also be generated by seeding the FEL amplifier with an external source. Seeding with a pulse shorter than c results in a spike of rms duration given by the cooperation length, at the onset of saturation when P sat % P beam (P beam is the electron beam power). Pulses shorter than the cooperation length may still be obtained at intensities higher than the saturation level, when the FEL emits in the superradiant regime [15] . In superradiance, the radiation pulse length sr is a function of the FEL peak power, decreases as sr / z À1=2 (z is the distance along the undulator), and can become significantly shorter than that of the input seed laser [16] . The peak power P sr increases as P sr / z 2 and the pulse energy E sr scales as E sr % P sr sr / z 3=2 [16] [17] [18] [19] [20] .
Seeded FELs can operate either in the amplifier ''direct seeding'' scheme, or in the high gain harmonic generation (HGHG) configuration [21] [22] [23] [24] , where the seed in a first undulator (modulator) is used to induce an energy-density modulation in the electron beam longitudinal phase space. This bunched beam then emits a higher order harmonics rad ¼ seed =n in a following undulator (radiator). This scheme can be repeated in a multiple stage cascade of modulators and radiators, extending the operation
week ending 25 JANUARY 2013 0031-9007=13=110(4)=044801 (5) 044801-1 Ó 2013 American Physical Society wavelength toward a range where seed sources are not available. In a FEL cascade, at the transition from a modulator to a radiator, the high frequency components in the leading edge of the pulse induce the growth of a new superradiant pulse at the harmonic frequency, which then grows, according to the above scaling relations, in the next undulator [18] . A cascaded superradiant configuration in principle permits to simultaneously decrease both the wavelength to the subnanometer scale and the pulse duration towards the femto-to attosecond frontier. In this Letter we present the first demonstration of the generation of a superradiant pulse in the long radiator of a single stage cascaded FEL, by seeding the modulator with an external laser.
The experiment was performed at the UV seeded FEL of the SPARC facility [25] . The six SPARC undulators (75 periods each, period length u ¼ 2:8 cm [26] ) were configured to establish an HGHG FEL, with the first undulator tuned with the resonance at 400 nm, playing the role of modulator, and the other five tuned at 200 nm, as radiators (see Fig. 1 ).
The matching of the electron beam is ensured combining the natural undulator's vertical focusing with the horizontal focusing of quadrupoles placed in the undulator intersections. A periodic matching condition has been imposed on the beam Twiss parameters in the long radiators [27] , with a constraint on the beam size in the first modulator. The resulting average Twiss functions in the radiator are h x i ¼ h y i ffi 2:75 m and h x i ffi 3 m, h y i ffi 2:45 m in the modulator. The FEL was seeded with the second harmonic ( seed ¼ 400 nm) of a Ti:sapphire regenerative amplifier driven by the same oscillator of the photocatode laser system. A laser pulse energy of E seed ¼ 2 J (of duration seed ¼ 50 fs) was sufficient to seed the modulator close to the onset of saturation. The saturation energy is roughly given by E sat ¼ ffiffiffiffiffiffi ffi 2 p seed IE=e 0 % 3:5 J, with e 0 the electron charge, the Pierce parameter $ 3 Â 10 À3 , and the other parameters defined in Table I (A). Proof of superradiance may be obtained by verifying the expected energy or power scaling with the charge or beam current. Unfortunately, any variation of the peak current in a space charge dominated, high brightness accelerator, such as SPARC, can impact other beam parameters affecting the FEL process, such as the emittances and optics functions. Therefore we have verified the trend of the energy growth along the undulator mentioned above and compared these results with detailed numerical particle simulations using the FEL code GENESIS 1.3 [28] , where the input parameters were varied according to the standard deviations in Table I . In addition, we observed the evidence of structures in the radiation spectrum measured along the radiator, and the emission of higher order harmonics at the end of the radiator, which is typical of a beam in saturated conditions.
The main output radiation diagnostic is an in-vacuum spectrometer [25] (normal incidence grating imaging the variable entrance slit on a UV grade CCD camera, Versarray, 1300B-Princeton Instruments), allowing simultaneous single shot measurements of the vertical and spectral distributions and of the absolute pulse energy [25] .
The measured energy in the radiator as a function of the coordinate z along the undulator is shown (black squares) in Fig. 2 , for the conditions in column (B) of ] are displayed as red stars. The simulated data were averaged over 100 random sets. Furthermore, a least squares fit of the energy growth vs z at the end of the last four radiator modules exhibits a reasonable agreement with the scaling E / z 3=2 (see caption of Fig. 2) .
The evolution of the spectrum along the radiator is shown in Fig. 3 for the beam parameters Table I , (B). The spectra are acquired by progressively closing the undulator gaps at the resonance condition, in order to enable the coupling between electrons and radiation only in the desired undulator longitudinal range. After closing the third radiator, sideband structures and an evident blueshift, appear in the spectrum. A qualitatively similar behavior is observed in the GENESIS 1.3 simulations.
Statistics of 100 consecutive spectral acquisitions reveal a positive correlation between energy and bandwidth along the radiator (Fig. 4) . A substantial increase of the scatter of the data is observed after the third radiator. An averaged energy value of <E> ¼ 0:9 AE 0:12 J at rad ¼ 200 nm is detected at the end of the undulator, with a peak value E peak ¼ 1:7 J. Similar measurements done with the beam (A) were affected by energy fluctuations due to a phase jitter between the photoinjector laser and the accelerator radio frequency. Nevertheless, the higher beam quality led to a larger average energy per pulse hEi ¼ 1:6 AE 2:3 J, with a considerable dispersion due to fluctuations. Several shots exceeding 5 J were observed, with a maximum recorded value of 18 J, about an order of magnitude larger than the saturation threshold in the radiator (E sat $ 2 J).
Another signature of saturation is given by the emission of higher order harmonics. The spectral data, averaged over 100 shots, are shown for harmonics up to the fifth in Fig. 5 [beam conditions Table I, (B)]. Higher order harmonics were out of the spectrometer spectral range of operation and could not be measured. The energy per pulse at each harmonic wavelength was reconstructed from the recorded data and is shown in Fig. 6 . In comparison, a similar acquisition in beam conditions (A) led to an energy per pulse retrieved from the third harmonic spectrum, averaged over a set of 30 shots, of hEi ¼ 39:9 AE 23:8 nJ.
We studied for the first time the evolution at the onset of saturation, of a HGHG FEL in the transition from the modulator to the radiator. The modulator has been seeded by a short pulse of intensity comparable to the modulator saturation intensity, in order to induce superradiance. A superradiant pulse is expected to pass through the stage of a cascade FEL and to regenerate itself at the wavelength of the radiator. We have observed the evolution of the   FIG. 3 (color online) . Single shot spectra-spatial measurements along the radiator at ¼ 200 nm for the beam of Table I (B) . The vertical axis on the images of the spectra represents the vertical position on the input spectrometer slit. The images were taken after the third (second section of the radiator), the fourth, and the fifth section, and at the end of the undulator, respectively from the top to the bottom. pulse in the radiator by measuring its energy and spectral properties. Energy per pulse substantially larger than the FEL saturation energy, without applying any undulator taper, has been observed. An energy scaling vs the longitudinal position along the undulator of the type E / z 3=2 has been measured, in satisfactory agreement with simulations. Sidebands in the spectrum appear after three sections of the radiator and the emission of higher order harmonics as expected in superradiance [29] has been confirmed.
The feasibility of a superradiant cascaded FEL configuration has been proved, providing insight into novel methods for producing short and high frequency pulses.
FIG. 5 (color online)
. Second, third, fourth, and fifth harmonics of the radiator for beam (B). Spectra-spatial measurements at the end of the radiator obtained averaging over a time of 20 s (30 s for the 5th harmonics). In the lower boxes, intensity of the radiation spectrum vs wavelength. Same color palette as Fig. 3 . The third to fifth spectra were acquired by interposing an aluminum (Al) filter to reduce the background noise due to lower harmonics at the zero order of the grating. The horizontal lines are due to the presence of a mesh sustaining the Al layer. FIG. 6 . Energy at the fundamental and higher order harmonics in the radiator. The energy of the second harmonics is E ¼ 2:6 AE 0:7 nJ, of the third: E ¼ 3:3 AE 1:1 nJ, of the fourth: E ¼ 0:03 AE 0:01 nJ, and of the fifth: E ¼ 0:17 AE 0:06 nJ.
